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Quadrupole ion trap mass spectrometry is used to study the linkage type dependent
dissociation pathways of alkali-cationized disaccharides, mostly of the type glucosyl(1 3
X)glucose (X 5 1, 2, 3, 4, or 6). The reaction mechanisms of a set of disaccharides containing
all possible a anomeric linkage types and some b anomers are probed with tandem mass
spectrometry, MSn, and double resonance experiments. Tandem mass spectrometry experi-
ments on an 18O-labeled disaccharide show that the dissociation paths for Li and Na cationized
species are the same. Experiments on three trisaccharides (isomaltotriose, maltotriose, and
panose), a tetrasaccharide (isomaltotetraose), and a pentasaccharide (maltopentaose) show
that tandem mass spectrometry provides all available linkage information and MSn can
provide selected linkage information. The mode of alkali binding is examined via semiem-
pirical calculations and by measuring alkali-carbohydrate relative cation affinities. (J Am Soc
Mass Spectrom 1997, 8, 987–995) © 1997 American Society for Mass Spectrometry
One of the most prevalent post-translationalmodifications of eukaryotic proteins is glyco-sylation, the attachment of carbohydrates [1].
Carbohydrate attachment most often effects the physi-
cal properties of proteins such as solubility, but can be
involved in interactions with molecules or other cells.
The complexity of these types of interactions is magni-
fied by the variability in carbohydrate structure. Not
only are there at least eight common different types of
sugar monomers, but there are multiple ways to con-
nect each monomer. When working to determine how a
carbohydrate is influencing protein cellular interac-
tions, establishing monomer connectivity is very impor-
tant. The traditional chemical techniques to determine
connectivity are time consuming [2]. Therefore, meth-
ods that allow rapid determination of monomer to
monomer connectivity will improve and expedite car-
bohydrate analysis. Both NMR [3, 4] and x-ray crystal-
lography [5] have been effectively used to determine
carbohydrate structure, and mass spectrometry can
effectively be used as a pre-NMR or x-ray crystallogra-
phy study as analysis is fast and requires little sample.
Hoffmeister et al. [6] demonstrated the utility of
hybrid tandem mass spectrometry (MS/MS) [7] of
lithium cationized polysaccharides to direct fragmenta-
tions under low-energy collision induced dissociation
(CID) conditions. Quadrupole ion trap mass spectrom-
etry (ITMS) has not yet been applied to elucidate
carbohydrate structure, but the problem and instru-
ment are uniquely matched as MS/MS and sequential
tandem mass spectrometry (MSn) analysis is routine. A
major goal of this work is to elucidate the dissociations
of carbohydrates in a quadrupole ion trap and compare
the data to Hoffmeister et al.’s [6]. In addition to Li,
other alkali metals were examined as the cationizing
species; and MSn experiments were performed on vari-
able length carbohydrates. The dissociation pathways
that underlie the linkage specific reactions were probed
with 18O-labeling, MSn analysis, double resonance [8]
experiments, and relative cation affinity measurements
[9].
Experimental
All carbohydrates were obtained from Sigma Chemical
Company (St. Louis, MO). The electrospray samples
were dissolved in 75% methanol, 20% water, and 5%
glacial acetic acid. Carbohydrate solution concentra-
tions for electrospray experiments ranged from 200 to
500 mM and alkali chloride salt solutions were 500–800
mM. Alkali salt solutions were added to carbohydrate
solutions in approximately 1:1 molar ratio and vortex
mixed just before electrospraying. The experiments to
determine relative cation affinity via the kinetic method
[9] used 5-mM carbohydrate solutions in which a trisac-
charide, disaccharide, and alkali salt were mixed just
prior to electrospraying. Electrospray flow rates varied
from 0.5 to 2 mL/min. For the data presented here
typical sample consumption was on the order of 200
pmol; however, with a recently designed nanospray
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ionization source, good quality spectra are readily ob-
tained with the consumption of subpicomole amounts
of material.
Cellobiose was 18O-labeled at its anomeric position
on the reducing end by the method described by
Hoffmeister et al. [6] with only slight variation. Cello-
biose (0.5 mg) was added to 0.5 mL of 18OH2 under
argon. Acetyl chloride (10 mL) was added before sealing
and placing in a dessicator for three weeks. After three
weeks the reaction product was lyophilized and redis-
solved in 18OH2. This was used as a stock solution.
The electrospray source has been described previ-
ously [10]. The mass spectrometer used was a custom-
ized Finnigan MAT ITMS quadrupole ion trap with
ITMS revision B software. The helium bath gas pressure
was maintained at about 1 mTorr. Spectra were ob-
tained via resonance ejection at bz 5 0.96 (qz ' 0.906).
MS/MS experiments were usually performed by reso-
nantly exciting isolated ions at an approximate qz value
of 0.35, with 400–800 mV for 20 ms. Double resonance
[8] experiments were accomplished by applying a sec-
ond, high amplitude (12.9 Vp-p) resonance excitation
signal at a frequency close to the product ions’ calcu-
lated secular frequency during the normal MS/MS
resonance excitation. The second resonance excitation
signal was generated with a Tektronix Model 2020AWG
arbitrary waveform generator. Additionally, to demon-
strate reproducibility a Bruker Esquire-LC™ quadru-




Glycosidic cleavage ions are the only product ions
generated in quadrupole ion trap MS/MS analysis of
protonated disaccharides. The same glycosidic dissoci-
ation is seen with other instrument types [11] and is of
no use in determining monomer–monomer linkage-
type, although a previous report has indicated that in a
triple quadrupole under carefully controlled collision
conditions that there is some difference in the ratio of
the products of glycosidic cleavage that might be used
to determine linkage [12]. Lithium and sodium cation-
ized disaccharide ions, however, dissociate in MS/MS
experiments to specific product ions which vary be-
tween linkage types. The product ions that are charac-
teristic of the linkage position are due to cross ring
cleavage reactions of the reducing ring, with the posi-
tion of the glycosidic bond determining the possible
product ions. Domon–Costello [11] nomenclature is
used to describe glycosidic cleavage (Figure 1). A non-
reducing ring without the glycosidic oxygen is referred
to as a Bn ion and a nonreducing ion which retains the
glycosidic oxygen is referred to as a Cn ion. n refers to
the number of rings retained. If the cation is retained by
the reducing end of a glycosidic cleavage ion, Yn and Zn
ions result. The cross-ring cleavage product ions are
referred to as C2H4O2, C3H6O3, and C4H8O4 loss ions in
the text and figures for simplicity, but are designated in
Domon–Costello nomenclature in Tables 1 and 2. It is
not convenient to use Domon–Costello nomenclature in
discussion because as linkage types change so do the
possible cross-ring cleavage positions, which engenders
ambiguity as overlap occurs compared to the simple
elemental formula of the neutral lost in the dissociation.
Mechanisms for glycosidic and cross-ring dissocia-
tions are elucidated elsewhere [6, 13, 14] so they are not
reproduced here. The tandem mass spectra for gentio-
biose [glucosyl(a1 3 6)glucose] a 1 3 6 linked disac-
charide and cellobiose [glucosyl(b13 4)glucose] a 13
4 linked disaccharide are shown in Figure 2. Tables 1
and 2 contain the MS/MS efficiencies [15, 16], relative
intensities and Domon–Costello cross-ring cleavage no-
tation of the product ions for the disaccharides studied.
MS/MS efficiencies are somewhat low for quadrupole
ion trap MS/MS experiments because Li1 and Na1
product ions are unstable under the resonant excitation
parameters used and therefore are not observed in the
tandem mass spectra. However, because little chemical
information is gained from the production of an alkali
cation, the MS/MS efficiency reflects the amount of
useful information obtainable for the various alkali
cations. As shown in Tables 1 and 2, sodium cationized
species have much lower MS/MS efficiencies than
lithium cationized species. This lower efficiency trend is
probably due to a higher propensity for Na1 product
ions to be formed relative to Li1 product ions. Most
potassium cationized species could be formed, but
upon MS/MS dissociated exclusively to K1 with no
cross-ring cleavage product ions observed.
Figure 1. Domon–Costello glycosidic cleavage nomenclature
with Bn, Cn, Yn, and Zn ion structures.
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The difference in MS/MS efficiency between Li and
Na cationized dissacharides is most likely a reflection of
cation affinity. However, differences in MS/MS effi-
ciency between similarly cationized disaccharides is
probably a combination of differing cation-disaccharide
affinities and dissociation energetics. Trehalose, for
example, has the lowest MS/MS efficiency for each
alkali cation. The lower efficiency probably results from
glycosidic cleavage being higher in energy than H2O
loss and cross-ring cleavage, neither of which is possi-
ble in this case. Generally glycosidic cleavage is a less
favored pathway in the other cationized disaccharides,
suggesting that it is a higher energy dissociation path-
way as would be expected of a simple cleavage versus
the rearrangements responsible for the cross-ring cleav-
ages. The higher dissociation energy of trehalose’s only
dissociation paths allows resonant ejection to become
competitive with dissociation, lowering the MS/MS effi-
ciency [17]. This interpretation of the low MS/MS effi-
ciency for trehalose is supported by other data (vide infra)
that suggests that trehalose has a higher cation affinity
than the other disaccharides studied except lactose.
The two major dissociation pathways for both Li and
Na cationized 13 4 and 13 6 linked disaccharides are
loss of H2O and C2H4O2. However, a significant change
in the ratio of these two products is observed with
different alkali cations. Additionally, there is a signifi-
cant reduction in glycosidic cleavage for all Na cation-
ized disaccharides. Through 18O-labeling of the ano-
meric oxygen on the reducing ring of gentiobiose, it was
previously shown [6] that there is only one glycosidic
cleavage for Li cationized disaccharides and the ions
observed are exclusively [B1 1 Li]
1 and [Y1 1 Li]
1
ions. Thus, the formation of B1 and Y1 ions is due to
cleavage of only one glycosidic bond, with the product
ion depending on which ring retains the alkali cation.
Because of the significant changes in the ratios of the
product ions formed in the quadrupole ion trap during
collision-induced dissociation (CID) MS/MS of the Li
cationized vs. Na cationized disaccharides, cellobiose
was 18O-labeled at the reducing ring anomeric position
to determine if the Na cationized species underwent the
same bond specific dissociation (cellobiose was chosen
because it has a large change in ratio of H2O loss to
C2H4O2 loss product ions). MS/MS analysis of [
18O-
cellobiose 1 Li]1 shows that these ions dissociate as
previously reported for gentiobiose [6], i.e., B1 and Y1
ion formation (Figure 3a). MS/MS experiments of [18O-
cellobiose 1 Na]1 yields the same type of spectra
(Figure 3b), indicating that Na cations facilitate the













(m/z 245) Y1 (m/z 203) B1 (m/z 185)
Isomaltose a-1,6 36.1 1.7 100(0,2A2)
b 17.5(0,3A2) 3.9(
0,4A2) 12.8 0.5
Gentiobiose b-1,6 22.4 10.7 100 16.3 13.0 2.3 0.9
Maltose a-1,4 6.9 38.5 100(0,4A2) 4.7(
2,4A2) 71.3 4.5
Cellobiose b-1,4 18.0 57.4 100 4.2 11.7 4.0
Lactosec b-1,4 14.4 39.0 100 14.4 6.1 5.6
Nigerose a-1,3 54.9 100 13.3(0,3A2) 16.9 3.9
Sophorose a-1,2 12.1 100 (0,2A2) 6.6 1.0
Trehalose a-1,1 2.8 100 39.3
aIntensity relative to base peak.
bCross-ring cleavage ion types in Domon–Costello nomenclature.
cGalactosyl(1 3 4)glucose, all others glucosyl(1 3 X)glucose.













(m/z 229) Y1 (m/z 187) B1 (m/z 169)
Isomaltose a-1,6 88.9 9.4 100 (0,2A2)
b 44.2(0,3A2) 14.2(
0,4A2) 82.3 12.6
Gentiobiose b-1,6 69.9 14.5 00 51.0(2,4A2) 29.9 16.1 15.2
Maltose a-1,4 46.0 100 78.4(0,4A2) 2.6(
2,4A2) 67.6 49.2
Cellobiose b-1,4 89.0 100 48.1 6.2 22.9 55.8
Lactosec b-1,4 75.3 100 42.8 7.0 80.4 82.0
Nigerose a-1,3 62.6 100 21.5(0,3A2) 52.0 18.0
Sophorose a-1,2 65.3 100 (0,2A2) 2.9 8.4
Trehalose a-1,1 30.2 100 45.0
aIntensity relative to base peak.
bCross-ring cleavage ion types in Domon–Costello nomenclature.
cGalactosyl(1 3 4)glucose, all others glucosyl(1 3 X)glucose.
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same dissociation mechanism in which there is one
glycosidic cleavage and a competition for the Na cation
between the rings.
The mechanisms previously proposed for the cross-
ring cleavages [6, 13] predicted that the C2H4O2 loss
product ions (m/z 289) can undergo a second cleavage
reaction, with another loss of C2H4O2 (product ions at
m/z 229), for a total loss of C4H8O4 from the parent
ions. MS3 of product ions at m/z 289 from gentiobiose
and lactose show that these first generation product
ions dissociate to second generation product ions at
m/z 229 as well as B1 and C1 ions. This indicates that at
least some of the product ions at m/z 289 are capable of
dissociating to the product ions at m/z 229 (Figure 4a).
Note the appearance of Cn type product ions, which are
different from Yn type ions, although isomeric if formed
directly from the cationized molecule. The glycosidic
cleavage product ions formed from m/z 289 ions must
be Cn type ions because Yn type product ions would
occur at m/z 127 (m/z 187 2 C2H4O2) since a neutral
loss has already occurred from the reducing ring.
To be certain other product ions do not dissociate to
anything other than Bn and Cn product ions as pro-
posed [6, 13], MS3 of the C3H6O3, C4H8O4, and H2O loss
product ions was performed. MS3 of the C3H6O3 loss
product ions at m/z 259 shows dissociation to almost
entirely B1 ions with a small amount of C1 ions (,5%
relative to B1). MS
3 of the C4H8O4 loss product ions at
m/z 229 shows dissociation again almost entirely to B1
ions with a small amount of C1 ions (,5% relative to
B1). MS
3 of the H2O loss product ions shows dissocia-
tion to B1 ions as the major pathway, but a somewhat
greater amount of C1 ions are observed ('20% relative
to B1, Figure 4b). These results support the previously
proposed mechanisms. In all cases there is a strong
preference for cleavage on the nonreducing side of the
glycosidic oxygen, but not exclusively, as is the case
when glycosidic cleavage occurs in the intact disaccha-
Figure 2. MS/MS spectra of lithium cationized: (a) gentiobiose and (b) cellobiose.
Figure 3. MS/MS spectra of alkali cationized 18O-labeled cellobiose: (a) [18O-cellobiose 1 Li]1 and
(b) [18O-cellobiose 1 Na]1.
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ride. However, the product ions exclusively retain the
alkali cation on the nonreducing ring.
Through parent ion scanning it was previously ob-
served that the C4H8O4 loss product ions could have
parent ions consisting of the pseudomolecular ions or
the C2H4O2 loss product ions [6]. This result leaves
some question as to whether m/z 229 product ions are
formed directly by loss of C4H8O4 or by successive
losses of C2H4O2. To determine if product ions at m/z
229 in the quadrupole ion trap MS/MS spectra are
formed directly by C4H8O4 loss or consecutively
through C2H4O2 loss product ions, or a combination,
double resonance experiments were performed [8].
Only 1 3 6 and 1 3 4 disaccharides form C2H4O2 loss
product ions, so the dissociations of gentiobiose and
lactose were examined. In quadrupole ion trap double
resonance experiments, a secondary resonance excita-
tion signal is applied to the end caps at the resonant
frequency of the C2H4O2 loss product ions during the
MS/MS resonance excitation period of the cationized
molecules. The double resonance experiment does not
allow any C2H4O2 loss product ions to be trapped,
which can be checked by a MS3 experiment in which the
secondary resonance excitation frequency is used as the
MS3 resonance excitation frequency. The control MS3
experiment is used to demonstrate that the second
resonance frequency removes all the C2H4O2 loss prod-
uct ions and does not cause dissociation (less than 1%
C4H8O4 loss product ions appear and less than 1%
C2H4O2 loss product ions remain).
When double resonance experiments are performed
on gentiobiose and lactose there is no change in the
intensity of C4H8O4 loss product ions for both disaccha-
rides, indicating that these ions are formed directly
from the parent ions. These results show that under
quadrupole ion trap CID MS/MS conditions the
C2H4O2 loss product ions do not dissociate to the
C4H8O4 loss product ions. Thus, while the MS
3 experi-
ment shown in Figure 4a demonstrates that consecutive
C2H4O2 loss is possible, this is not a competitive disso-
ciation path for the cationized molecule, and only direct
loss of C4H8O4 occurs. This is expected assuming sim-
ilar critical energies for the loss of C2H4O2 and C4H8O4.
Once the first C2H4O2 is lost, the resulting product ion
is not in resonance and thus can acquire little more
internal energy to promote the subsequent loss of
another C2H4O2.
Tri-, Tetra-, and Pentasaccharide Analysis
With the knowledge gained from the disaccharide anal-
ysis it is possible to determine the linkage sequence of
longer oligosaccharides using the MSn capabilities of
the ion trap. The MS/MS spectrum of a lithium cation-
ized trisaccharide, isomaltotriose [glucosyl(a1 3 6)-
glucosyl(a1 3 6)glucose], shows two sets of linkage
type specific product ions (Figure 5a). Product ions at
m/z 229, 259, and 289 are the specific product ions for
the first linkage (i.e., same as gentiobiose, 13 6 linkage)
from the nonreducing end, and product ions at m/z
392, 422, and 452 are the specific products for the
reducing end linkage (i.e., 1 3 6 linkage). It is possible
to isolate the isomaltotriose product ions corresponding
to the disaccharide (m/z 349), the C2 ions, and perform
another stage of MS/MS (MS3), yielding the same
product ions (m/z 229, 259, and 289) as in the MS/MS
spectrum for gentiobiose and the lower half of the
tandem mass spectrum of isomaltotriose (Figure 5b).
The spectra shown in Figure 5 are lithium cationized,
but the same results are observed with sodium cation-
ization. The tandem mass and MS3 spectra for maltotri-
ose, glucosyl(a1 3 4)-glucosyl(a1 3 4)glucose, are
similar to those for isomaltotriose with the exception
that the C3H6O3 loss product ions are absent, indicating
the 1 3 4 linkage type. The tandem mass spectrum of
panose, glucosyl(a13 6)-glucosyl(a13 4)glucose (Fig-
ure 5c), shows the expected product ions from the
trisaccharide at m/z 392, 259, and 452, indicating a 13
Figure 4. MS3 spectra of lithium cationized gentiobiose: (a) C2H4O2 loss (m/z 289) product ions; (b)
H2O loss (m/z 331) product ions.
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4 linkage, and also product ions at m/z 229, 259, and
289, indicating a 13 6 linkage. Performing MS3 on the
disaccharide product ions of panose yields ions at m/z
229 and 289, also indicating a 13 6 linkage (Figure 5d).
MS/MS analysis of lithium cationized isomaltote-
traose, {glucosyl(a1 3 6)}3 glucose, shows three sets of
linkage type specific product ions (Figure 6a). Product
ions at m/z 229, 259, and 289 are from the first linkage
from the nonreducing end (13 6), product ions at m/z
392, 422, and 452 are from the middle linkage (1 3 6),
and product ions at m/z 555, 585, and 615 are from the
linkage closest to the reducing end (1 3 6). The MS3
analysis of the product ions corresponding to the trisac-
charide yields the expected product ions (Figure 6b), as
does MS3 analysis of the disaccharide product ions
(Figure 6c). MS4 analysis of the disaccharide product
ions from the MS3 experiment on the trisaccharide
shows the expected product ions (Figure 6d). MS/MS of
sodium cationized isomaltotetraose yields the expected
product ions, but at lower abundances. Potassium ad-
ducts can be formed for these three and four unit
oligosaccharides, but they exist at a lower intensity than
the peak for ubiquitous sodium, which is too low for
MS/MS analysis.
When MS/MS analysis of maltopentaose, a pen-
tasaccharide, is carried out, the resulting spectrum
contains all the expected peaks, indicating four 1 3 4
linkages. MS3 analysis of the C4 ion yields all the
expected product ions as well. In an effort to demon-
strate reproducible results, MSn experiments were per-
formed on isomaltotetraose and maltopentaose with the
Esquire-LC quadrupole ion trap. MS/MS experiments
on isomaltotetraose and subsequent MSn stages
through MS4 all yielded the expected cross-ring cleav-
age ions corresponding to three 1 3 6 linkages. MSn
experiments through MS5 were performed on maltope-
ntaose also using the Esquire-LC system, with each
stage yielding the expected cross-ring cleavage ions
indicating four 1 3 4 linkages.
Relative Cation Affinities
Relative cation affinities were determined via the ki-
netic method [9] to examine how each cation effects
Figure 5. (a) MS/MS spectrum of lithium cationized isomaltotriose, (b) MS3 spectrum of the C2 ion
of lithium cationized isomaltotriose, (c) MS/MS spectrum of lithium cationized panose, and (d) MS3
spectrum of the C2 ion of lithium cationized panose.
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coordination. Heterogeneous alkali bound dimers of the
form [disaccharide 1 alkali 1 trisaccharide]1 were
utilized. The determination of absolute cation affinity
values is complicated by entropy changes with multi-
dentate heterogeneous dimers, but the relative cation
affinities are still apparent because all the disaccharides
are compared to the same trisaccharide, i.e., the entropy
contribution would be the same between disaccharides
compared to the same trisaccharide. Table 3 contains
the relative cation affinity experimental results. With
only one exception the base peak was [trisaccharide 1
alkali]1 ions, so the values in Table 3 represent the
[disaccharide 1 alkali]1 ions’ signal as a percentage of
the [trisaccharide 1 alkali]1 ions’ signal.
The relative cation affinities for eight disaccharides
are determined by comparison to three trisaccharides.
Disaccharide relative cation affinities form approxi-
mately the same trend with each of the three trisaccha-
rides, i.e., lactose . trehalose .. gentiobiose . isomalt-
ose ' maltose ' cellobiose ' nigerose ' sophorose.
Lactose, galactosyl(b1 3 4)glucose, differs from the
other disaccharides in the conformation of one ring
hydroxyl. Trehalose has greater alkali affinity than the
remaining disaccharides because of the unique ligating
conformation formed by the two ring oxygens and the
glycosidic oxygen. Gentiobiose may have a greater
cation affinity compared to those remaining because of
the extra carbon between the two rings providing
greater conformational freedom, but isomaltose would
be expected to have similar affinity which it only has
with isomaltotriose, indicating other factors also influ-
ence the cation affinity. The last four disaccharides fall
into the same range of effective ligating strength. Some
separation begins to occur with the least effectively
coordinating trisaccharide, maltotriose, but a more sen-
sitive differentiation technique is needed to rank them
definitively.
For the trisaccharides; maltotriose (1 3 4, 1 3 4),
isomaltotriose (1 3 6, 1 3 6), and panose (1 3 6, 1 3
4), the general affinity trend for sodium cationization is
isomaltotriose . panose . maltotriose. This is consis-
tent with the general disaccharide trends, i.e., the (1 3
Figure 6. (a) MS/MS spectrum of lithium cationized isomaltotetraose, (b) MS3 spectrum of the C3 ion
of lithium cationized isomaltotetraose, (c) MS3 spectrum of the C2 ion of lithium cationized
isomaltotetraose, and (d) MS4 of the C2 ion from MS
3 of the C3 ion of lithium cationized
isomaltotetraose.
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6) linked disaccharide has greater cation affinity than
the (1 3 4) linked disaccharide. For lithium cationiza-
tion, panose has greater affinity in most cases than
isomaltotriose and maltotriose, making the relative af-
finity trend panose . isomaltotriose . maltotriose. It is
not clear why the linkage type heterogeneous trisaccha-
ride is favored over the two linkage type homogeneous
trisaccharides.
The relative cation affinity data contains two inter-
esting features. First, for the trisaccharides panose and
maltotriose, Na cation affinity is lower than Li cation
affinity, but for isomaltotriose Na cation affinity is
greater that Li cation affinity. The cation affinity rever-
sal with isomaltotriose might be due to the two 1 3 6
linkages, i.e., the rings are separated by an extra carbon
yielding additional space for cation coordination to the
glycosidic oxygen. The additional carbon also provides
an increase in conformational freedom, possibly allow-
ing the third ring to participate in binding. Second, for
the disaccharide anomers maltose and cellobiose, the
lithium cation affinity trend is reversed in panose as
compared to isomaltotriose and maltotriose. For Na
cation binding, though, relative cation affinity does not
reverse between panose and maltotriose. Future studies
will focus on anomeric differentiation by examining
relative affinity trends for disaccharide anomers with
various trisaccharides.
Semiempirical Calculations
mopac [18] calculations using the MNDO basis set [19]
were performed on the disaccharides in their neutral, Li
cationized, and Na cationized forms [20]. Heat of for-
mation values are all very similar within each set and
do not correlate to MS/MS efficiency or relative cation
affinity trends. In addition to heat of formation data,
MOPAC calculations produce energy minimized struc-
tures that can be used to tentatively explain the MS/MS
efficiency and relative cation affinity data based on the
“optimal spatial fit concept” [21, 22]. The optimal spa-
tial fit concept suggests that the orientation and avail-
ability of ligating groups will effect the optimal size of
a ligand. Liou and Brodbelt [23] have shown that a
given crown ether’s affinity for various alkali metal ions
is related to the ether structure, i.e., the number and
position of donor atoms. It seems reasonable that the
number and orientation of the cation ligating groups in
polysaccharides is controlling binding efficiency.
The disaccharide energy minimized structures have
a cationization cavity that is formed by the ring hy-
droxyls and the glycosidic oxygen. The stick figure
rendering of an energy minimized disaccharide (Figure
7) shows that the cation is positioned between the two
saccharide monomers, probably coordinated to the gly-
cosidic oxygen and several ring hydroxyl oxygen at-
oms. If the molecule is rendered as a van der Waals
surface dot plot [24], a cavity becomes visible with the
cation positioned in the middle. Binding cavity size is
determined by a variety of factors, including the num-
ber of ligating groups and the orientation of the rings,
since this system is not constrained in the same manner
as a crown ether. Ring orientation dramatically changes
pocket size, but there is a relatively small range of
positions which will generate favorable binding condi-
tions, i.e., ligand position. The pocket observed for the
disaccharides changes with ligand, i.e., the pocket ob-
served in a Li cationized disaccharide is smaller than in
a Na cationized disaccharide. The differences observed
for MS/MS efficiency and relative affinity are probably
due to varying cavity sizes, creating conditions of
different cation affinity. The cavity created during Li
Figure 7. Ball and stick rendering of [cellobiose 1 Li]1.
Table 3. Relative affinity data for disaccharides vs. trisaccharides. Values represent the [disaccharide 1 alkali]1 ions’ intensity as a
percentage of the [trisaccharide 1 alkali]1 ions’ signal
Isomaltotriose (1 3 6, 1 3 6) Panose (1 3 6, 1 3 4) Maltotriose (1 3 4, 1 3 4)
Li1 Na1 Li1 Na1 Li1 Na1
Lactose 39.7 11.2 28.1 71.4 66.1 98.7
Trehalose 17.9 12.3 15.6 17.2 43.3 207.1
Gentiobiose 1.6 2.6 6.6 15.1 4.5 50.4
Isomaltose 5.7 ,0.5 ,0.5 2.7 0.7 2.4
Maltose 2.3 ,0.5 1.3 1.6 2.1 3.2
Cellobiose ,0.5 ,0.5 3.8 22.0 1.8 9.5
Nigerose ,0.5 ,0.5 ,0.5 ,0.5 ,0.5 1.5
Sophorose ,0.5 1.1 ,0.5 ,0.5 3.6 ,0.5
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binding binds a Li with a higher affinity than a cavity
formed during Na cation binding binds a Na cation. K
cations which are even larger must have a binding
cavity with an even lower affinity.
Energy minimized structures can also be used to
explain relative cation affinity results. Lactose, treha-
lose, and gentiobiose have greater cation affinities than
the other disaccharides and their enhanced cation affin-
ities can be accounted for by their unique structural
features. Gentiobiose’s rings are separated by an extra
carbon, conferring additional conformational freedom.
Lactose has a inverted ring hydroxyl as compared to the
others (galactosyl versus glucosyl), possibly providing
an extra ligating group. Trehalose’s two ring oxygens
are in close proximity to the glycosidic oxygen, which in
combination provide an enhanced binding region. The
remaining disaccharides are all similar in the number
and position of ligating groups they offer and, there-
fore, it is not surprising that their relative cation affin-
ities are similar.
Conclusions
Polysaccharide linkage types are easily elucidated with
the quadrupole ion trap by examining cross-ring cleav-
age product ions. MS/MS experiments can yield entire
polysaccharide linkage sequences and MSn experiments
readily confirm any questionable linkages. Tetra- and
pentasaccharide MSn analysis of isomaltotetraose and
maltopentaose was performed with two different qua-
drupole ion traps demonstrating reproducibility. The
combination of isotopic labeling, MS/MS, MSn, and
double resonance experiments show unambiguously
the disaccharide reaction pathways followed under
quadrupole ion trap CID conditions. Relative cation
affinity measurements (using the kinetic method),
MOPAC calculations (energy minimized structures),
and the optimal spatial fit concept provide support for
a variable size/affinity cationization cavity. Further
relative cation affinity experiments are planned to ex-
amine the possibility of differentiating anomers.
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